The noble gas argon (Ar) is a "biologically" active element and has been extensively studied preclinically for its organ protection properties. This work reviews all preclinical studies employing Ar and describes the clinical uses reported in literature, analyzing 55 pertinent articles found by means of a search on PubMed and Embase. Ventilation with Ar has been tested in different models of acute disease at concentrations ranging from 20% to 80% and for durations between a few minutes up to days. Overall, lesser cell death, smaller infarct size, and better functional recovery after ischemia have been repeatedly observed. Modulation of the molecular pathways involved in cell survival, with resulting anti-apoptotic and pro-survival effects, appeared as the determinant mechanism by which Ar fulfills its protective role. These beneficial effects have been reported regardless of onset and duration of Ar exposure, especially after cardiac arrest. In addition, ventilation with Ar was safe both in animals and humans. Thus, preclinical and clinical data support future clinical studies on the role of inhalatory Ar as an organ protector.
Introduction
Argon (Ar) is a noble gas discovered in 1894. [1] Ar is a colorless, tasteless, odorless, noncorrosive, noninflammable, and nontoxic gas. [2] It is the most abundant noble gas, and the third major component of the air, with a concentration of 0.93%. Ar's density is 38% higher than air, and the solubility in water and plasma is 24-fold lower than that of carbon dioxide (CO 2 ). [3] Ar has a full electron valence shell which avoids covalent binding with other elements; therefore, it is usually considered a nonreactive chemical gas, as known by its Greek name "αργός," meaning "inert." [4] Although labeled as a "biologically" inert gas, recent evidence suggest that the drug can have significant effects. Narcotic effects have been described in divers since 1939 and further confirmed by other studies. [5] [6] [7] [8] [9] [10] Besides narcosis, evidence of neuroprotection has been rising since the first report in a rodent model of hypoxic brain injury, in 1998. [11] In more recent years, the protective effects of Ar after ischemia became more evident preclinically.
Materials and Methods
A concurrent PubMed and Embase search was carried out and updated till October 2017. "Ar" was used as MeSh and Emtree term for PubMed and Embase search, respectively. The following keywords were then used to narrow and focus the search: "neuroprotection,"
"cardioprotection," "organ protection," "cellular protection," "organ transplantation," "ischemia -reperfusion injury," "hypoxic-ischemic injury," "perinatal asphyxia," "cardiac arrest (CA)," "traumatic brain injury," "pneumoperitoneum," "lung volume measurement," "cardiac output measurement," "narcosis," "diving," and "hyperbarism." During the selection, only English-written articles with full text available were considered. Both in vitro and in vivo studies and human application of Ar were included in this review. Articles concerning the surgical use of Ar, i.e., "Ar laser," "Ar beam," and "Ar coagulation" were excluded. Articles selection was performed independently
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For reprints contact: reprints@medknow.com by two authors (FN, SR). Fifty-five pertinent articles were found and included. Original results from a study performed by our group on a rat model of acute myocardial infarction (MI) were added.
Preclinical uses
Forty-four preclinical studies were found. [3, The majority (n = 25) of in vitro and in vivo studies with Ar focused on neuroprotection after a variety of brain damages, [12] [13] [14] [15] [16] 20, 22, [24] [25] [26] [27] [28] [29] [30] [31] [33] [34] [35] [36] [37] [38] [39] [40] [41] 49] in which different neurological and behavioral tests were combined with histological and biochemical assays. Four studies evaluated the presence of cardioprotective effect after myocardial ischemia/reperfusion (I/R). [13, 17, 18, 45] Nine studies focused on the preservation of other organs and tissues, such as ex vivo perfused kidney and lung, and culture of human airway epithelium, kidney tubular, and osteosarcoma cells. [19, 21, 23, 32, [46] [47] [48] 52, 53] A single study evaluated the influence of Ar inhalation on liver regeneration after partial hepatectomy. [53] Three in vivo studies investigated the effects and the mechanisms of action of Ar under hyperbaric condition. [42] [43] [44] Five studies specifically focused on the safety: In 2, Ar was administered as respiratory mixture to pigs; [36, 52] while, in 3 studies, Ar was used to induce pneumoperitoneum for surgical laparoscopic procedures in place of CO 2 . [3, 50, 51] The area of interest is summarized in Figure 1a .
Overall, both in vitro and in vivo studies provided evidence in support of a protective role of Ar, independently from the disease model and the duration and onset of exposure to the treatment (i.e., pre-or post-acute event) [ Figure 1b ].
In vitro studies
Seventeen articles investigated the protective effects of Ar on cell damage [ Table 1 ]. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] In details, two studies were performed in rodent cardiomyocytes, and one of these included also additional investigations in human right atrial appendages obtained from patients undergoing coronary artery bypass or valve replacement surgery; [17, 18] 9 in rat neurons or hippocampal slices; [24] [25] [26] [27] [28] [29] [30] [31] 33] 5 in human cells (neuroblastoma, kidney, airway epithelium, osteosarcoma); [19] [20] [21] [22] [23] and one in whole blood from rodents. [32] One in vitro study investigated whether Ar interacted with tissue plasminogen activator (tPA).
The duration of the imposed insult varied from 30 min of hypoxia in cardiomyocytes, [17] to several hours under oxygen (O 2 ) glucose deprivation condition, [21] up to 30 h in the drug-induced toxicity studies. [31] In these studies, cells and/or tissues were incubated in chambers containing Ar atmosphere in a concentration varying from 25% to 75% in air and/or O 2 . The average Ar exposure was 90 min, ranging from a minimum of 5 min [17] up to 72 h. [26] In the majority of the studies, Ar was administered either immediately after the onset of the insult or delayed, up to 3 h later. In 3 studies, Ar was administered as a preconditioning agent. [18, 19, 21] Overall, the in vitro studies showed improved cell survival and viability when Ar was used both pre and after the insult. More specifically, Ar reduced apoptosis in neuronal, tubular kidney, and airway epithelial cells. [19, 21, 22] As for cardioprotection after I/R, besides increasing cell viability, [18] Ar also diminished early depolarizations in the ventricle tissue, limiting the onset of ischemia-triggered arrhythmias. [17] When Ar was applied on the human right atrial appendages after hypoxia/reoxygenation injury, the recovery of contractile activity was increased. [17] Ar blocked the tPA thrombolytic effects at low concentration (25%), while the tPA catalytic and thrombolytic efficacy was increased at concentrations above 50%. Thus, it was suggested that in the context of ischemic stroke, Ar 75% could be given during ischemia to favor thrombolysis, but not after reperfusion. [33] In vivo studies Twenty-four studies employed Ar as a potential protective treatment for brain, heart, and other organ preservation after different ischemic insults. [12] [13] [14] [15] [16] [17] 22, [27] [28] [29] [34] [35] [36] [37] [38] [39] [40] [41] [45] [46] [47] [48] [49] 52] Six studies used swine models [13, 36, 37, 47, 48, 52] and 18 rodent ones, including rats, guinea-pigs, and rabbits. [12, [14] [15] [16] [17] 22, [27] [28] [29] 34, 35, [38] [39] [40] [41] 45, 46, 49] In addition, three studies investigated the effects of Ar under hyperbaric conditions. [42] [43] [44] A single study evaluated the effects on the initiation of liver regeneration in rats. [53] majority of the studies, Ar was applied as a potential treatment and thus administered either immediately after the insult, i.e., after resuscitation from CA, [13] or delayed up to 3 h later. [14] Only in 3 studies specifically focused on myocardial I/R, EVLP, and liver regeneration, Ar was employed as a preconditioning agent, before induction of the insult. [45, 52, 53] Regarding the use of Ar as neuroprotective agent, only 4 studies [27, 34, 35, 38] evaluated the postinsult neurological recovery, and in half of them [35, 37] there was evidence for a better outcome after Ar inhalation when compared to the control.
All the investigations, except one focusing on the safety of Ar, [36] included histological evaluations, in different
These studies reproduced the following human conditions: ischemic stroke, neonatal hypoxic-ischemic encephalopathy (HIE), subarachnoid hemorrhage, MI; CA, organ (kidney and lung) transplantation, exposure to hyperbaric condition, and liver surgery [ Tables 2-4 ].
The minimum duration of the ischemic insult was 7 min in a model of CA in rats, [15] while the maximum duration was 18 h in the ex vivo lung perfusion (EVLP). [52] In these studies, Ar was always administered as inhalatory mixture, with a concentration varying from 25% up to 88% either in air or in a mixture of nitrogen (N 2 ) and O 2 . The average Ar exposure was approximately 1-4 h, [27, 29, 34] ranging from a minimum of 3 5-min cycles in the MI studies, [45] up to 30 h in the organ transplantation models. [48] In the [31] Rat organ of Corti cultures Contd... brain areas. Overall, there was evidence for a mitigation of the brain tissue injury. In one study on a rat model of middle cerebral artery occlusion , [27] Ar had contrasting effects, with a reduced infarct size in the cortical area, but an increased injury in the subcortical area, compared to sham animals. However, in this study, animals treated with Ar had a significantly higher body temperature (average of 38.5°C), which could explain the greater brain damage compared to the controls. [27] In studies focused selectively on I/R injury in the retina, Ar confirmed its protective effects in a dose-and time-dependent manner [40] [ Table 2 ].
In a model of perinatal HIE, Ar inhalation had no effect on heart rate, arterial blood pressure and blood gases, cerebral O 2 saturation, and electrocortical brain activity. [36] Studies focused on neurological injury following resuscitation from CA are described in a dedicated section of this review.
Regarding the use of Ar as cardioprotective treatment, 3 studies were individuated, [13, 17, 45] one of which investigated the cardioprotection within the broader post-CA syndrome. [13] Overall, the studies provided evidence for a reduced infarct size and an improved left ventricle systolic function, evaluated either by echocardiography or magnetic resonance [ Table 2 ].
Additional data come from a preliminary study in a rat model of myocardial I/R injury recently performed by our group (published in this review as original data). The left anterior descending was occluded for 30 min, and animals were randomized to receive 1-h ventilation with Ar 70% versus N 2 70% in O 2 , starting 5 min before reperfusion. One hour after reperfusion, rats were weaned from mechanical ventilation and returned to their cages. Six h after reperfusion plasma samples were collected for high-sensitive cardiac troponin T (hs-cTnT) assay and animals were sacrificed. Myocardial infarct size was assessed by tetrazolium chloride staining, and inflammatory response was evaluated in terms of neutrophil infiltration by naphthol staining. 
In vivo studies on narcosis
Ar showed narcotic effects only under hyperbaric conditions. [42, 55] Different theories have been proposed to explain this property. [9] Most likely, the increase of the inert gas pressure induces modification on cytoplasmic membrane and/or receptor condition, subsequently modifying the neurotransmission. Indeed, when rats were exposed to Ar at ≈ 19 atm for 2 h, dopamine release from striatum decreased by approximately 10% compared to animals that were not exposed to the gas. [41] Since the striatum coordinates different aspects of motor planning and motivation, a subsequent study investigated the relationship between motor activity and dopamine release in rats exposed to Ar in a pressurized chamber for 100 min . During the compression period, a transient phase of hyperactivity was observed, followed by a decrease in the motor activity. More specifically, exposure to Ar at the pressure of ≈ 10 atm, showed motor hyperactivity, probably related both to the higher pressure and to the narcotic potency of the gas, dependent on its lipid solubility. When the pressure was raised to ≈ 20 atm, loss of righting reflex was observed, indicating the onset of the anesthetic effect. This subsequent decrease of behavioral activity could be ascribed to the decrease of dopamine release from the striatum that occurred when the 20 atm pressure was achieved and was kept constant for at least 10 min. [43] Another study concerning Ar anesthetic properties analyzed the contribution of gamma-aminobutyric acid (GABA) transmission as a possible mechanism of action for narcosis. Rats were treated with different GABA receptor antagonists (gabazine and flumazenil, as GABA A antagonists, and 2-idrossisaclofene, as GABA B antagonist) and then exposed to Ar in a pressurized chamber. Pretreatment with GABA A inhibitors increased significantly the Ar threshold pressure for the loss of righting reflex. Instead, pretreatment with GABA B inhibitor showed no significant effects on narcosis [44] [ Table 2 ].
Ex vivo studies
Regarding the use of Ar for organ preservation, kidneys and lungs were the preferred targets. [46] [47] [48] 52, 54] Indeed, reduced acute tubular necrosis and inflammatory lesions accompanied by better renal function and faster recovery were observed after heterotopic autotransplantation in which the removed kidney was preserved in a cold storage solution [48] Kidney saturated with pure Ar. [46, 48] Smith et al. studied the effects of ex vivo normothermic perfusion with a gas composition of 70% Ar for 1 h, in a porcine model of kidney ischemia-reperfusion injury. The authors did not observe any organoprotective effect as far as hemodynamics, renal function, functional parameters, inflammatory markers, and histological analysis were concerned. [54] In EVLP following a period of warm ischemic injury in the swine, 6-h ventilation with a respiratory mixture containing 70% Ar in O 2 , did not show any benefit in graft function. [47] Indeed, no significant differences in ventilator parameters, such as pulmonary vascular resistance, peak airway pressure, and blood gases, nor in the histopathology, were observed, compared to a control ventilation with N 2 /O 2 . In 2017, the same group confirmed the above results in a model of cold I/R injury during EVLP. [51] Overall lungs were exposed to Ar at a different concentration ranging from 79% to 88% in O 2 for 28 h. At the end of the exposure, no beneficial effects on graft quality were observed [ Table 3 ].
Use of argon after cardiac arrest
The use of Ar ventilation for neuroprotection after CA was explored in 6 studies, [12] [13] [14] [15] [16] 49] [ Table 4 ]. All these studies reported both neurological recovery, evaluated with various neurobehavioral tests, and tissue damage, assessed by histopathology and biochemistry. Of the 5 studies using the rat model of CA, 4 were from the same research group [12, 14, 15, 49] that investigated the effect of 1 h of ventilation with a mixture of 70% Ar in O 2 initiated 1 h after resuscitation. After a no-flow of 7 min, postresuscitation ventilation with Ar led to a better and faster neurological recovery during the following 7 days compared to the control ventilation. The results were assessed by a battery of tests, including the rodent neurological deficit score, the open field, and the Morris water maze tests. [15] This good functional recovery was paralleled by a significantly lower brain damage in the neocortex and the hippocampal CA 3 and 4 regions. In a subsequent study employing the same model of CA and cardiopulmonary resuscitation, it was confirmed that such beneficial effects of Ar treatment were dose-dependent. [12] Indeed, both the neurological outcome and the histopathological brain damage were confirmed to be improved compared to controls, after exposure to Ar at a concentration of either 40% or 70% after resuscitation; however, the neuroprotective effects were significantly more pronounced when the inhalatory mixture contained 70% Ar in place of 40%. [12] A third study introduced further data showing that the 70% Ar-induced neuroprotection persisted even when the onset of the treatment was delayed up to 3 h after resuscitation. [14] More recently, neuroprotection of Ar was investigated in conjunction with mild therapeutic hypothermia (MTH), based on the hypothesis that the combination of these 2 interventions could boost protection, further improving neurological outcome after CA. [49] Thus, in the same model, rats were treated with MTH at 33°C (6 h) and 1 h ventilation with 70% Ar. Surprisingly, the results showed that the combined treatment, similarly to a control ventilation with air/O 2 , generated worse neurological recovery together with greater neuronal degeneration in hippocampal CA1 region when compared to MTH alone. Unfortunately, in this study the treatment with Ar alone, as a reference, was absent and thus no further considerations on the effect of Ar could be made.
In a model of CA with an underlying acute MI in swine, a 4-h ventilation with a mixture of 70% Ar-30% O 2 initiated immediately after resuscitation was compared to a control ventilation with an equivalent percentage of N 2 /O 2 . This study confirmed the Ar-induced neuroprotective effects previously shown in rats. More specifically, animals that received Ar achieved a faster and more complete neurological recovery, already 24 h after CA, in contrast to controls, in which a neurological impairment persisted up to 72 h after resuscitation. [13] The improvement in neurological recovery was confirmed by different neurological tests and by the circulating level of serum neuron-specific enolase, a biomarker of neuronal damage. Histopathology supported this benefit on neurological recovery, showing lesser brain injury in animals that were treated with Ar compared to controls. In addition, a trend toward a smaller myocardial infarct size was also observed after inhalation of Ar. [13] The same group has recently replicated these results showing a beneficial effects of Ar ventilation on neuro-and cardioprotection in a more severe model of CA (abstract only available). [56] In a model of CA in rodents induced with KCl and esmolol, 24-h ventilation with a mixture of 50% Ar-50% O 2 was conducted, starting 15 min after resuscitation. As the primary outcome, neuronal damage was assessed by histopathology, while as secondary outcome, neurologic tests were performed. A trend toward a lesser neuronal damage after Ar treatment was reported.
[16]
Mechanism of organ protection
The description of the potential mechanisms of action involved in the Ar protection derives mainly from in vitro studies and have been further confirmed in vivo. Ar appeared to possess O 2 -like properties, which could explain its neuroprotective effects by partially restoring mitochondrial respiratory enzyme activity and reducing N-methyl-D-aspartic acid-induced neuronal death. [27] Moreover, Ar plays anti-apoptotic effects modulating the molecular pathways involved in cell survival. In details, it increases extracellular signal-regulated kinase (ERK) 1/2 phosphorylation, already after 30 min of exposure; it blocks the apoptosis cascade; [24, 29, 41] it upregulates the expression of the anti-apoptotic protein B-cell lymphoma-2; [28, 35] it activates the toll-like receptor 2 and 4, which reduce caspase-3 activity [20, 22, 28] and mediate the intracellular signaling involved in the production of pro-inflammatory cytokines, growth factors, and cell survival [4] [ Table 1 ].
Reperfusion can also contribute to cell death, and particularly on cardiomyocyte, it can induce ventricular arrhythmias and contractile dysfunction subsequent to the opening of the mitochondrial permeability transition pore (MPTP 
Safety of argon use
Even though safety was not the primary endpoint of all the above described in vivo studies, none of them has ever reported safety concerns related to the inhalatory exposure to Ar. In 12 in vivo studies, [12] [13] [14] [15] [16] 27, [36] [37] [38] 45, 49, 52] continuous hemodynamic parameters and repeated blood gas analyses were performed during Ar ventilation. Ar did not affect neither hemodynamics nor ventilation, in terms of respiratory gas exchange. Three studies have also reported body weight as an indicator of animal's wellbeing during the days after Ar ventilation, and none of them reported significant changes. [16, 34, 35] Two studies aimed to specifically evaluate the safety of Ar ventilation in pigs. [36, 52] In 1 study, a 6-h ventilation with Ar 79% in pigs showed no toxic effects, as demonstrated by serum biomarkers and assessment of liver and kidney function and structure. [52] In the other study, neonatal piglets were ventilated with Ar at different concentrations, ranging from 30% to 80% in O 2 , for a total of 3 h. Effects on hemodynamics and blood gases were evaluated, and prolonged ventilation with Ar was confirmed to be safe at each concentration. A similar study observed an augmented hypothermic protection at 48 h after hypoxia-ischemia with Ar from 2 to 26 h, shown by improved brain energy metabolism, faster electrical brain activity recovery and reduced cell death. [37] In 3 studies, Ar was used as a substitute of CO 2 in inducing pneumoperitoneum during laparoscopic surgery to evaluate its safety profile. [3, 50, 51] Ar insufflation into the abdominal cavity produced hemodynamic modifications, mainly related to increases in abdominal pressure and perhaps to a potential effect on systemic vascular resistances (effect observed in 1 study [50] but not replicated in the other [51] ). No significant changes in respiratory functions were observed. Since Ar is lesser soluble than CO 2, an increased risk of hemodynamic instability exits in the instance of accidental gas embolism. [3] Finally, because Ar is denser than air, it could be argued that ventilation with such a gas could increase respiratory resistance. [5] However, none of the preclinical studies reported such a condition after prolonged exposure to Ar. Moreover, a study with a model of vigorous ventilation in a respiratory resistance machine showed no changes in respiratory resistance at atmospheric pressure, and up to 4 atm, when Ar 80% was compared to air. [5] Clinical uses of argon Since the sixties, Ar was applied for the measurement of lung volumes, [57] [58] [59] with the rebreathing/gas-dilution technique. Ar 6%-7% has been also used to calculate the cardiac output CO. [60, 61] and for the estimation of global myocardial blood flow. [62] In these studies, subjects were exposed to a single or a few breaths of an isobaric mixture of Ar and no conclusions on safety issues may be extrapolated.
The feasibility of Ar use was addressed by studies involving divers. In these studies, divers breathed Ar mixtures for long periods in hyperbaric conditions. In 1939, motor and cognitive impairment, such as slowed mental activity, inability to perform efficient manual work and emotional disturbances, which might lead to loss of consciousness, were described in divers breathing a mixture of 69% Ar, 20% O 2 and 11% N 2 from 1 to 10 atm. [5] In another study, 10 subjects performed mental arithmetic tasks while exposed to Ar 80% in O 2 at 1, 4, and 7 atm. Again, Ar under hyperbaric condition showed more narcotic effects. [55] The longest exposure to Ar under hyperbaric condition was in 1998. [63] Four male volunteers participated in a simulated diving at 10 m for 7 days with following gas mixture: O 2 0.2 ± 0.005 kg/cm 2 , N 2 0.8 ± 0.01 kg/cm 2 and Ar 1.0 ± 0.01 kg/cm 2 . No effects on central nervous system electrophysiology and functional test, cardiopulmonary system, i.e., electrocardiogram, oxihemometry, and biochemical analysis of urine, were detected. All measured data did not exceed physiological range. Under hyperbaric pressure, a workload of 100 Wt was performed 62% higher when breathing Ar 15% in O 2 than N 2 15% in O 2 . Moreover, the exposure to a hypoxic Ar-N 2 mixture containing O 2 0.15 ± 0.005 kg/cm 2 , instead of O 2 0.2 ± 0.005 kg/cm 2 , determined an increase in the performed work volume, showing that Ar causes a positive effect on organism adaptation to hypoxia.
Another study performed on 8 human volunteers investigated the possible adverse effects from breathing isobaric mixture of 80% Ar and 20% O 2 for 30 min. The authors did not observe narcosis nor coagulation nor fibrinolysis abnormalities, which would have been present in case of gas embolism. [64] More recently, Ar inhalation has been proposed to measure the global cerebral blood flow (CBF), by a modification of the Kety-Schmidt technique. [65] To establish this new method, 30 anesthetized patients undergoing cardiovascular surgery were subjected to ventilation with 70% Ar in O 2 for 15 min, before the surgical procedure and CBF was evaluated. [66] Ar ventilation did not show any influence on cerebrovascular circulation or metabolism, evaluated by transcranial Doppler sonography nor difference in content between arterial and jugular-venous lactate, glucose, and O 2 , respectively.
Summary of evidence and future perspectives
Ar might diminish the neurological and myocardial damage after a hypoxic-ischemic insult.
Indeed, Ar has been tested in different models of ischemic insult, at concentrations ranging from 20% up to 80%. Overall, Ar emerged as a protective agent on cells, tissues, and organs, showing less cell death, reduced infarct size and faster functional recovery. More specifically, encouraging data has been reported in animal studies on CA in which a better and faster neurological recovery was achieved when Ar was used in the postresuscitation ventilation. More importantly, these benefits have been replicated in different studies, enrolling both small and large animals. Ventilation with Ar in O 2 has been demonstrated to be safe both in animals and humans.
Based on all the evidence described in this article, the protective effects of Ar should be evaluated in a clinical scenario, in particular, those concerning the neuroprotective properties after CA which are strongly supported by preclinical evidence. Finally, Ar can be simply administered through a ventilator which is modified to be compatible with the gas mixture Ar/O 2 /air, in variable proportions, provided in dedicated cylinders. Indeed, Ar has a relatively low cost, approximately 9 Euro cent per liter, [13] 10-fold lower than anesthesia agents such as sevoflurane and isoflurane and 100-fold lower than xenon.
Conclusions
Ar use has been described in a variety of preclinical and human studies. Inhalatory Ar seems to be potentially beneficial in the context of organ protection after different types of insults. Safety data show nontoxic effects. Thus, preclinical and clinical data support future clinical studies on the inhalatory Ar therapy.
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